S troke prevention is the principal priority in the management of atrial fibrillation (AF); in the presence of stroke risk factors, oral anticoagulants (OACs) are recommended to reduce this risk, as well as all-cause mortality. 1 Vitamin K antagonists (VKAs), such as warfarin, have been the standard OAC for several decades; however, an increased rate of major bleeding (MB) was observed in AF patients when compared with no anticoagulant treatment or placebo. 2 In addition, warfarin treatment has a narrow therapeutic range, drug and food interactions, the requirement of regular blood test monitoring Continuing medical education (CME) credit is available for this article. Go to http://cme.ahajournals.org to take the quiz.
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December 2018 of the international normalized ratio, and frequent need for dose adjustment. 3 In recent years, 4 non-VKA OACs (NOACs), dabigatran, rivaroxaban, apixaban, and edoxaban, have been approved for stroke prevention in AF based on their noninferiority in efficacy and safety compared with warfarin in randomized controlled trials (RCTs). 4 In addition, no anticoagulation monitoring is required, and fewer drug and food interactions are evident. 5 NOACs have changed the landscape of OAC use for stroke prevention in AF, 6 but there are some pharmacological differences among different NOACs, such as the mechanism of action, food effect, and renal clearance. 5 There are no head-to-head clinical trials comparing the efficacy of NOACs versus other NOACs. However, indirect comparisons and network meta-analyses based on RCTs have demonstrated that NOACs have generally similar efficacy but varied safety profiles. 7, 8 Emerging observational studies have evaluated the effectiveness and safety among different NOACs in US clinical practice using single data sources, providing some evidence of the comparative effectiveness and safety between NOACs but with limited generalizability and a lack of a comprehensive evaluation on outcomes across various subgroups within nonvalvular AF (NVAF) patients. 9, 10 Using multiple data sources, this ARISTOPHANES study (Anticoagulants for Reduction in Stroke: Observational Pooled Analysis on Health Outcomes and Experience of Patients) compared the rates of stroke/SE and MB and evaluated comparative rates across various subgroups among NVAF patients newly prescribed apixaban, dabigatran, rivaroxaban, or warfarin.
Methods

Data Sources
Authors will not be able to make their data available to other researchers because of restrictions specified in data licenses and data use agreements. However, the corresponding author is willing to share any nonproprietary information about analytical methods with any other researchers who want to reproduce the results or replicate the procedure if they have specific questions about the manuscript. This study was registered at URL: https://www.clincialtrials.gov (Unique identifier: NCT03087487).
Data in this study were pooled from the US Centers for Medicare and Medicaid Services Medicare data and 4 commercial claims databases in the United States: the Truven MarketScan Commercial Claims and Encounter and Medicare Supplemental and Coordination of Benefits Database (MarketScan), the IMS PharMetrics Plus Database (PharMetrics), the Optum Clinformatics Data Mart (Optum), and the Humana Research Database (Humana)-which cover >180 million beneficiaries annually (≈56% of the US population).
Centers for Medicare and Medicaid Services Medicare data contain medical and pharmacy claims from the 100% Medicare population enrolled in Part A, Part B, and Part D programs (medical and pharmacy coverage). Detailed descriptions for the 5 data sets, rationale for the pooling process, and our approaches to minimize potential patient record duplicates across data sources can be found in a previously published article and Document I in the online-only Data Supplement. 11
Patient Selection
Patients with ≥1 pharmacy claim for apixaban, dabigatran, rivaroxaban, or warfarin between January 1, 2013, and September 30, 2015, (identification period) were selected. The first NOAC pharmacy claim date during the identification period was designated as the index date for patients with any NOAC claim(s). For those without a NOAC claim, the first warfarin prescription date was designated as the index date. Patients were required to have an AF diagnosis on or before the index date and have continuous medical and pharmacy health plan enrollment for ≥12 months before the index date (baseline period).
Patients treated with any OAC within 12 months before the index date, with evidence of valvular heart disease, venous thromboembolism, transient AF (pericarditis, hyperthyroidism, thyrotoxicity), or heart valve replacement/transplant during the baseline period, with pregnancy during the study period, or with hip or knee replacement surgery within 6 weeks before the index date, were excluded. Additional exclusion criteria can be found in Figure I in the onlineonly Data Supplement.
Outcome Measures
Outcome measures were time to first stroke/SE, including ischemic stroke, hemorrhagic stroke, and SE, and time to first MB, including gastrointestinal bleeding, intracranial hemorrhage, and MB at other key sites ( Table I in the online-only Data Supplement). 12, 13 Outcomes were based on hospitalizations with stroke/SE or MB as the principal or first-listed diagnosis. The follow-up period was from the day after the index date to 30 days after the discontinuation date, switch date, death (only inpatient death for the commercial databases and all-cause death for Medicare database), end of continuous medical or pharmacy plan enrollment, or the end of study period (September 30, 2015) , whichever occurred first. Additional details about patient selection and outcome measures can be found in Document I in the online-only Data Supplement.
Statistical Methods
One-to-one propensity score matching (PSM) was conducted between NOACs and warfarin (apixaban versus warfarin, dabigatran versus warfarin, and rivaroxaban versus warfarin) and between the NOACs (apixaban versus dabigatran, apixaban versus rivaroxaban, and dabigatran versus rivaroxaban). Patients were matched 1:1 in each data set based on the propensity scores generated by logistic regression based on demographics, Charlson Comorbidity Index score, 14 baseline bleeding and stroke/SE history, comorbidities, and baseline comedications (complete list of covariates in Table II in the onlineonly Data Supplement). Nearest neighbor matching method without replacement with a caliper of 0.01 was used to match the patients. 15 The balance of covariates was checked based on standardized differences with a threshold of 10%. 16 Study patients from the 5 datasets were pooled for analysis after ensuring cohorts were balanced.
After PSM, the rate of stroke/SE and MB in each PSM cohort was evaluated with Cox proportional hazard models with robust sandwich estimates. 15 OAC treatment was included as the independent variable, and no other covariates were included in the model because the cohorts were balanced.
Subgroup Analyses
Subgroup analyses were conducted for the following subgroups within the matched cohorts: age strata (<65, 65-74, 75-79, and ≥80 years), sex, baseline CHA 2 DS 2 -VASc score (0-1, 2-3, and ≥4), baseline HAS-BLED score (<3 and ≥3), congestive heart failure, coronary artery disease, peripheral arterial disease, diabetes mellitus, renal disease, and prior stroke/SE. For the baseline CHA 2 DS 2 -VASc score subgroup, female patients without other stroke risk factors (ie, low risk) were assigned with a score of 0. 17 In each subgroup, the balance of baseline characteristics between the treatment cohorts was evaluated. When the standardized difference was >10%, the covariate was included in the Cox proportional hazards model. In each subgroup analysis, the statistical significance (P<0.10) of the interaction between treatment and the specific subgroup(s) was evaluated.
As another set of subgroup analysis, PSM and Cox models were reconducted to separately evaluate outcomes associated with each standard-dose NOAC (apixaban 5 mg, dabigatran 150 mg, rivaroxaban 20 mg) and lower-dose NOAC (apixaban 2.5 mg, dabigatran 75 mg, rivaroxaban 15 mg/10 mg) based on the index prescription dosage. Rematched cohorts included standard-dose NOAC versus warfarin, lower-dose NOAC versus warfarin, standard-dose NOAC versus standard-dose NOAC, and lower-dose NOAC versus lowerdose NOAC.
Sensitivity Analysis
Three sensitivity analyses were conducted. First, a sensitivity analysis was conducted by restricting the follow-up period to 1 year to help balance the follow-up period between the cohorts. Second, multivariate Cox proportional hazard models were conducted on all patients meeting the eligibility criteria (without PSM but with all covariates previously used for propensity score estimation alternatively adjusted for in the Cox models). Third, we evaluated the rate of all-cause death for Medicare patients. In the Medicare data, death was obtained by validated Social Security records that include the date of death. The other databases do not include complete death information, so mortality was only evaluated using the Centers for Medicare and Medicaid Services Medicare data.
Because the core study herein does not involve the collection, use, or transmittal of individual identifiable data, institutional review board approval is not required. Both the data sets and the security of the offices where analysis was completed (and where the data sets are kept) meet the requirements of the Health Insurance Portability and Accountability Act of 1996.
Results
After applying the selection criteria, a total of 321 182 NVAF patients were identified, including 63 484 apixaban, 27 571 dabigatran, 103 477 rivaroxaban, and 126 650 warfarin patients ( Figure I in the online-only Data Supplement). Before PSM, warfarin patients were the oldest and had the highest baseline CHA 2 DS 2 -VASc and HAS-BLED scores, followed by apixaban, rivaroxaban, and dabigatran patients. For apixaban, dabigatran, and rivaroxaban patients, 21% (2.5 mg), 15% (75 mg), and 24% (19% on 15 mg and 5% on 10 mg) had lower dosage regimens, respectively.
The unadjusted incidence rate of stroke/SE-including ischemic stroke, hemorrhagic stroke, and systemic embolismwas 1.3 (apixaban), 1.5 (dabigatran), 1.4 (rivaroxaban), and 2.2 (warfarin) per 100 person-years. The unadjusted incidence rate of MB was 3.5 (apixaban), 3.5 (dabigatran), 5.3 (rivaroxaban), and 6.3 (warfarin) per 100 person-years (Table II in After PSM, a total of 285 292 unique patients were included in the 6 matched cohorts: 57 929 apixaban-warfarin, 26 838 dabigatran-warfarin, 83 007 rivaroxaban-warfarin, 27 096 apixaban-dabigatran, 62 619 apixaban-rivaroxaban, and 27 538 dabigatran-rivaroxaban PSM pairs. Each cohort was matched separately; therefore, it is not appropriate to compare across the cohorts. The baseline characteristics of the matched populations are shown in Table 1 and Tables III and IV in the online-only Data Supplement.
NOAC-Warfarin and NOAC-NOAC Comparisons
The Kaplan-Meier curves for cumulative incidence rates of stroke/SE and MB in the matched populations are shown in Figure 1A and 1B.
Compared with warfarin, apixaban (hazard ratio [HR], 0.61; 95% CI, 0.54-0.69), dabigatran (HR, 0.80; 95% CI, 0.68-0.94), and rivaroxaban (HR, 0.75; 95% CI, 0.69-0.82) were all associated with lower rates of stroke/SE (Figure 2A ). All NOACs were associated with lower rates of hemorrhagic stroke, whereas apixaban and rivaroxaban patients were associated with lower rates of ischemic stroke compared with warfarin.
Apixaban (HR, 0.58; 95% CI, 0.54-0.62) and dabigatran (HR, 0.73; 95% CI, 0.66-0.81) were associated with lower rates of MB compared with warfarin. Rivaroxaban (HR, 1.07; 95% CI, 1.02-1.13) was associated with a higher rate of MB compared with warfarin. All 3 NOACs were associated with a lower rate of intracranial hemorrhage compared with warfarin. Apixaban was associated with a lower rate (HR, 0.59; 95% CI, 0.54-0.66), and rivaroxaban was associated with a higher rate (HR, 1.25; 95% CI, 1.16-1.34) of gastrointestinal bleeding compared with warfarin.
Apixaban was associated with a lower rate of stroke/SE and MB compared with dabigatran (stroke/SE-HR, 0.69; 95% CI, 0.56-0.84; MB-HR, 0.77; 95% CI, 0.68-0.87) and rivaroxaban (stroke/SE-HR, 0.80; 95% CI, 0.71-0.91; MB-HR, 0.55; 95% CI, 0.51-0.59; Figure 2B ). Dabigatran was associated with a lower rate of MB (HR, 0.70; 95% CI, 0.63-0.77) compared with rivaroxaban, with similar rates of stroke/SE (HR, 1.15; 95% CI, 0.96-1.37).
Subgroup Analyses
The results of the subgroup analyses on age strata, sex, and baseline CHA 2 DS 2 -VASc score, HAS-BLED score, congestive heart failure, coronary artery disease, peripheral arterial disease, diabetes mellitus, renal disease, and prior stroke/SE were generally consistent with the main results. A few significant interactions were evident.
The magnitude of stroke/SE risk reduction for apixaban versus warfarin was greater in patients aged 75+ than those with aged <75 (P int =0.049). Significant interaction was also found when evaluating the comparisons in MB for dabigatran and rivaroxaban versus warfarin across age/sex/CHA 2 DS 2 -VASc score, with lower HRs observed in patients who were younger, male, and with lower baseline CHA 2 DS 2 -VASc scores ( Figure 3A and 3B) .
In the dose subgroup analysis, patients with lower-and standard-dose NOACs had very different baseline characteristics (Tables V through X in the online-only Data Supplement). After PSM, both lower-and standard-dose patients showed broadly consistent results to the main analysis ( Figure 3 ).
In the 2 sensitivity analyses, the results were generally consistent with the main analysis. When evaluating mortality in the Medicare population, all NOACs were associated with a lower rate of mortality compared with warfarin, and apixaban was associated with a lower rate of mortality compared with dabigatran and rivaroxaban (Tables XI through XIII in the online-only Data Supplement).
Discussion
To our best knowledge, the ARISTOPHANES study is the largest retrospective observational study to date examining the risk of stroke/SE and MB among NVAF patients who initiated NOAC treatment. By pooling the Centers for Medicare and Medicaid Services Medicare and 4 large US national claims data sets, this study demonstrated that apixaban, dabigatran, and rivaroxaban were associated with lower rates of stroke/SE compared with warfarin, and the safety results varied across NOACs.
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The results of this study add evidence to supplement results from clinical trials, where all the NOACs had noninferior rates of stroke/SE and MB compared with warfarin. 4, [18] [19] [20] The results for apixaban versus warfarin were similar to the results of the ARISTOTLE trial (Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation), wherein apixaban was superior to warfarin in preventing stroke/SE and in reducing the risk of MB. 20 In the RE-LY trial (Randomized Evaluation of Long-Term Anticoagulation Therapy), dabigatran 150 mg was associated with a lower risk of stroke/SE and a similar risk of MB; in our study, we found that dabigatran was associated with a lower risk of both stroke/SE and MB. 18 In the ROCKET-AF trial (Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition Compared With Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation), rivaroxaban was noninferior for both stroke/SE and MB compared with warfarin; a significantly lower risk of stroke/SE was found for rivaroxaban versus warfarin in our study, and the difference in MB between rivaroxaban and warfarin reached statistical significance (with higher bleeding risk associated with rivaroxaban). 19 The findings from this study may help inform the discussion of benefit and risk in the shared decision-making process for stroke prevention between healthcare providers and individual NVAF patients, when considering the balance between thromboembolic and bleeding risks. 21 Other retrospective observational studies comparing NOACs to warfarin have also been conducted using various US data sources. 11, [22] [23] [24] [25] [26] [27] [28] Systematic reviews and meta-analyses concluded that the comparative effectiveness and safety results in the realworld studies are generally consistent with those in the RCTs: all the NOACs were associated with similar or lower rates of stroke/ SE and lower intracranial hemorrhage; apixaban was associated with lower rates of MB and gastrointestinal bleeding; dabigatran was associated with similar or lower rates of MB but similar or higher rates of gastrointestinal bleeding; and rivaroxaban was associated with similar rates of MB and similar or higher gastrointestinal bleeding compared with warfarin. [29] [30] [31] [32] [33] Our findings are generally consistent with these results.
Using the large pooled ARISTOPHANES data set with more statistical power and improved generalizability compared with previous literature, most of which used a single data source, this study showed consistent comparative effectiveness and safety results between NOACs and warfarin with 
December 2018 previous studies. For example, this analysis had more statistical power in evaluating less frequent events (eg, intracranial hemorrhage) and subgroups with limited sample size in RCTs (eg, peripheral arterial disease). Indeed, our subgroup analyses provide supplemental information of the comparative effectiveness and safety among OACs stratifying by patient's demographics, risk scores, and comorbidities, which showed generally consistent results with the main analysis.
Limitations
This retrospective observational study has several limitations. First, our study is subject to the inherent limitations 
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of retrospective evaluations using healthcare claims data.
Only statistical association rather than causal relationships could be concluded. Although cohorts were matched through PSM, potential residual confounders exist. In clinical practice, patients who receive different OACs may be systematically different, and to the extent that such differences are unobserved, study results may be biased. Other unmeasurable factors including differences in physicianlevel, practice-level, and health plan-level characteristics may also confound the estimated association between medication exposure (individual OAC) and outcomes (stroke/SE and MB). This limitation is especially important for interpreting NOAC versus NOAC comparison results, which are for hypothesis generation given the lack of head-to-head trials. From an exploratory power calculation conducted by authors based on indirect treatment comparison of pivotal RCTs, nearly 27 000 patients would be needed to evaluate stroke/SE and MB outcomes across the 3 NOACs in a hypothetical head-to-head trial (assuming a 90% power). Second, because of the nature of claims studies, outcome measures were based on International Classification of Diseases, Ninth Revision, Clinical Modification codes without further adjudication using precise clinical criteria or further validation against healthcare providers' medical records. No evaluation of the dose reduction criteria for NOACs was allowed without comprehensive data on body weight or serum creatinine/creatinine clearance. In addition, laboratory values, such as international normalized ratio measurements, are not available in the data set so we are unable to determine time in therapeutic range for patients prescribed warfarin. Nonetheless, by including patients with potentially poorer quality control of warfarin in everyday clinical practice, the findings of this study may better reflect real-world situations. Many clinically important outcomes (eg, mild to moderate bleeding) associated with OAC use were not evaluated in the study because they cannot be reliably measured in claims databases. We relied on prescription dispense records to characterize OAC drug exposure, but patients' actual drug taking behaviors cannot be measured. Observed and unobserved heterogeneity may exist across the 5 data sources. However, published NOAC studies using those data sources have reported generally consistent findings. 11, 24, 27, 28 Finally, the results may not be generalizable to the overall NVAF population in the United States because the study did not include uninsured patients and patients solely covered by other public health insurance plans. Some literature has proposed hypotheses on potential differences in clinical outcomes between patients with different NOAC treatment based on existing pharmacological differences across NOACs ( Table 2) . A pharmacokinetics and pharmacodynamics study suggested that once-daily dosing may potentially increase absolute patient adherence, but twice-daily dosing regimens may be more forgiving among patients with suboptimal adherence because of lower peak level and higher trough level of drug concentration. 34 Rivaroxaban should be taken together with an evening meal, as this increases bioavailability. 35, 36 In a recent US real-world study, about one-third of rivaroxaban users did not take rivaroxaban with an adequate meal. 37 Apixaban and dabigatran do not demonstrate the same degree of food effect. However, no study has formally tested the causal relationship between pharmacological difference and clinical outcomes.
Please note that our NOAC versus NOAC comparisons are for hypotheses generating only. Those results should be interpreted with caution and need to be confirmed by findings from NOAC versus NOAC RCTs which are expected to be released in the upcoming years ( Oral Anticoagulation in Atrial Fibrillation; URL: https:// www.clinicaltrials.gov. Unique identifier: NCT03129490] in Denmark). 38, 39 
Conclusions
In the largest observational study of NOAC use to date, we show that NOACs had lower rates of stroke/SE and variable comparative rates of MB versus warfarin. A comprehensive set of subgroup analyses in this study provide further evidence in the important subgroups of NVAF patients.
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